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ABSTRACT
Land loss restoration along the southeast Louisiana coast relies on the replenishment of sand
from the sediment of the Mississippi River. To further the understanding of sediment transport
and hydraulic characteristics of the lowermost segment of the river, the Louisiana Coastal
Protection and Restoration Authority (CPRA) funded construction of the Lower Mississippi
River Physical Model (LMRPM). This distorted-scale, movable bed model encompasses the
lowermost 193-mile reach of the river, including the Bonnet Carre Spillway and planned river
sediment diversions. Designed to replicate the prototypical river hydraulics and bulk bedload
(sand) transport, scaled historic river discharges are routed through the model. Lightweight
synthetic particles representing the very fine to fine grain sand sediments of the lower river are
injected based on the results of a numerical sediment transport simulation from Tarbert Landing
to the Gulf of Mexico. The depths and opaqueness of the model make it challenging to nondestructively measure real-time sediment transport. The objective of the research is employ nondestructive methods to measure reach-by-reach sediment levels that can be used to predict the
scour and deposition of the bed load sediments. Having a method to locate and quantity sediment
accumulations would benefit both navigational and coastal restoration stakeholders. During a
LMRPM test of 1995 through 1999 discharges, ultrasonic sensors measured the sediment bed
levels along a 17-mile reach of the model. Measured year-to-year bed elevation changes were
translated into volumetric changes and compared to computed bed volume changes using
boundary shear stress results from 1-D, unsteady flow numerical simulations. The measured-toobserved data, plotted in a scatter graph, align closely to 1:1 regression line of observed-toobserved values validating the process. This approach was also shown to successfully predict
deposition patterns in one of the prototype lowermost river crossings.
vi

INTRODUCTION
Sediment in the Mississippi River, like other alluvial rivers, is transported downstream when
the hydraulic forces of the river exceed a threshold above which the sediments begin to move.
Researchers have taken to calling the sand transport in the lower river punctuated transport (e.g.,
Nitrrouer et al., 2011). Periodic bathymetric surveys of the river are conducted to verify the need
for dredging in reaches of the river to determine if sediment aggradation impacts navigation.
Developing better methods to measure and predict the sediment deposition or scour would
improve future management strategies for channel maintenance and sand reclamation.
The Lower Mississippi River Physical Model (LMRPM) (Figure 1) was developed to
replicate the prototypical river hydraulics and bulk bedload (sand) transport using scaled historic
river discharges The attributes of the LMRPM including Shields-scaled sediments, Froudescaled discharges and physical-scaled geometry are from prototypical values of the river.

Figure 1. Lower Mississippi River Physical Model
(Source LSU Center for River Studies, 2020)
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The model was constructed to study and give further insight to how the river sediments,
particularly bedload, are transported and how natural phenomena (e.g., sea level rise, subsidence,
etc.) and man-made diversion structures affect the sediment transport. Operated by the LSU
Center for River studies, the model that have shown the model capable of replicating the
hydraulics of the river in response to sea level rise, bulk sand transport, and passage of water and
sediment through engineered diversion structures. Complementary numerical models of the
LMRPM are needed to quantify hydraulic properties of the model and provide detailed insight
into the extent to which those properties influence sediment transport. By correlating observed
bed level flux in the LMRPM with the hydraulic properties of numerical hydraulic simulations of
historic river discharges, this research explored methods to conduct non-destructive bed level
measurements in the LMRPM, examined tractive forces of the Lower Mississippi River Physical
Model, formulated a set of equations to estimate the patterns of scour and deposition of the bed
load sediments in the LMRPM and demonstrated the capability of those equations to compute
volumes of sediment deposition matching the applicable volumes of model and river dredging.
Objective
Recent work has qualitatively correlated observed sediment bed level changes with the
computed boundary shear stresses of river discharges to examine the relationship between
tractive forces of the Lower Mississippi River Physical Model and sediment movement. The
objective of this research was to introduce a way to non-destructively and in real-time measure
bed elevations in the LMRPM and evaluate an approach to quantitatively predict reach-by-reach
sediment levels. This approach can then be used to estimate scour and deposition patterns at
other locations where there are no bed level sensors.
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LITERATURE REVIEW
Background
The lower Mississippi River and delta system morphology encompasses an expansive area of
South Louisiana and continues to form through natural and engineered processes. The effects of
large floods and storms, changing sediment loads and characteristics, channel maintenance
activities, dredging practices, diversions (natural and man-made), subsidence and relative sea
level rise also impact the changing river. (Little, 2010).
The lowermost Mississippi River (Figure 1) is generally defined as the 303-mile final reach
of the river extending from the Atchafalaya River distributary to the Gulf of Mexico (Mossa,
1996). This segment of the river has two major flood control diversions, Morganza Spillway and
Bonnet Carre Spillway, and two freshwater diversions: Davis Pond and Caernarvon. Farther
downstream the Bohemia spillway begins on the left descending bank of the river approximately
48 miles above Head of Passes (HOP). Natural distributary passes begin roughly 13 miles above
HOP, the major of those are Baptiste Collette, Grand Pass and Cubit’s Gap.
Sediment transport, particularly sand, in the lowermost river has been extensively studied due
to its implications on navigation and coastal restoration efforts. In general, sand transport is
characterized as punctuated transport (Nittrouer et al, 2011), significant hysteresis, and shortand long-term trends because of engineering and management actions (Wang and Xu, 2017).
Long-term modeling of sediment transport has been performed by numerical simulation. The
USACE, ERDC-CHL, and their partners have developed several sediment models of the Lower
Mississippi River with the HEC-6T sediment model. HEC-6T and its predecessor, HEC-6, have
been the industry standard one-dimensional (1D) sediment transport models since computational
transport modeling began in the late 1970s. HEC-RAS, the USACE current 1D open-channel
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hydraulic model, first included sediment transport features in version 4.0. HEC-6T was used by
Thomas (2014) for Lower Mississippi River for the “Myrtle Grove Diversion” and LMRPM.
Copeland et al. (2020) use the HEC 6T sediment transport modeling software packages
developed by the U.S Army Corps of Engineers to estimate the sediment loads is the lower
reaches of the Mississippi River. Copeland et al. (2020) computed sediment elevation changes
along the lowermost Mississippi River by modeling 1991 through 2002 discharges at prototype
scale. The bed changes at Venice (RM 10) and New Orleans (RM 102) were 3.4 feet and 3 feet,
respectively. The was no change computed bed level at West Pointe la Hache (RM 48.8).
Recent interest in understanding bulk transport of sand in the lower Mississippi River and
how that translates to utilization for coastal restoration projects has prompted more localized
research into sediment load and how it is influenced by forces of the river. Nittrouer et al. (2008)
correlated bed changes, measured by multibeam bathymetric surveys at specific locations along
four reaches of the lower Mississippi River between RM 100 to Head of Passes from November
2003 to March 2006, to discharges measured at Tarbert Landing (RM ~303). That work was
extended (Nittrouer et al., 2011) to show the importance of skin friction shear stress, once
component of the total boundary shear stress, on sand transport in the lowermost Mississippi
River. Nittrouer et al. (2011) combined measured bed form changes and the results of a bed load
transport simulation to estimate the skin friction shear stress in the Mississippi River near RM
28. The results from the eight sites indicated that the skin friction shear was roughly 40 to 60
percent of the total boundary shear stress.
Research by Wang and Xu (2017) examined long-term cumulative sediment volume by
comparing the U.S. Corps of Engineers bathymetric channel surveys taken in 1992, 2004, and
2013. That research showed the volume of sediment in the bed of the river increased by
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approximately 70 x 106 cubic meters from 1992 to 2004 for the reach overlapping the LMRPM.
Thorne, et al. (2021) compiled sediment load data collected by the U.S. Corps of Engineers for
the Mississippi River which showed a 46-year trend in annual load in tons of fine grain and
coarse grain sediments. The trend of sediment load, that which is modeled in the LMRPM,
remained steady from 1959 to 2005, albeit the peak discharge years from 1970 to 1974.
The U.S. Geological Survey (Curwick et al. 1987) published sediment measurements taken
along the Mississippi River from Tarbert Landing to Venice, which formed the basis for
LMRPM sediment injection rates. Thomas (2014) calibrated and validated a Tarbert Landing-toVenice HEC 6T model using the USGS gaging station records. Sand transport rates at
Donaldsonville, LA (RM 71.2), which is the upstream extent of the LMRPM, were extracted
from the simulation results, used to develop a sediment rating curve, and then converted to the
LMRPM model sediment injection rate equations.
Whether a LMRPM-scaled 1-D HEC-RAS model of the Mississippi River (Rodi, 2017)
could be used to estimate scour and deposition in the physical model stimulated the interest for
this research. The LMRPM-scaled numerical model was compiled and, when compared to a
prototype-scaled numerical model was found to identify the effects of the model distortion and
discharge averaging on shear stress and stream power. The HEC-RAS simulation was also able
to quantify mean channel velocities and discharges along the reach of the physical model. The
HEC-RAS simulation was validated against measured water surface elevations in a test section
of the LMRPM referred to as the Expanded Small-Scale Physical Model (ESSPM). Comparisons
between the prototype and the model provided a further understanding of the effects of the 15:1
distortion and discharge averaging on shear stress and stream power.
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METHODS
This section will describe the methods for: determining annual changes in bed volumes from
non-destructive direct measurements; estimating the annual bed elevation changes using
hydraulic properties (bed shear stress, channel width and discharge), a sediment discharge rating
curve and the Engelund-Fredsoe equation (Cheng et al, 1998) for fraction of sediment in
suspension; and evaluating how well the predicted results match the observations.
Lower Mississippi River Physical Model
The Lower Mississippi River Physical Model is a 1:6000 horizontal to 1:400 vertical Froudescaled movable bed model of the Mississippi River basin from approximate RM 157 near
Donaldsonville, Louisiana to the Gulf of Mexico (Figure 1, in blue). The 10000 square-foot
model replicates the topography and bathymetry of the Louisiana Mississippi River Delta, with
adjusted bathymetry in the river channel to account for the model sediment bed. The specific
reach of the LMRPM and the prototype river where the bed measurements were taken contains
no areas for long term storage or other features that would affect the sediment discharge equation
formulated for the head of the model.
Discharges are pumped into a headbox on the model which then gravity flows into the
channel. Discharges from the Mississippi River at the Tarbert Landing Discharge Gaging Station
are used along with Froude scaling to generate the model-scale flows. The model time scale,
1:6600, which was developed by Hooper (2019), equates one day at prototype scale to 13.09
seconds at model scale. The discharges for each respective year begin on October 1 of the prior
year (i.e., beginning of the water year) and are filtered to remove any discharge less than a model
equivalent of 3 gallons per minute (gpm) or 320000 cubic feet per second (cfs), the minimum
prototype discharge for required for incipient motion of the sand-grain sediments.
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Model Scaling
BCG (2011) computed model scaling ratios for the LMRPM based on Froude Number
similitude and compared how the measured stages from the model to favorably compared to the
prototype scale stages computed using 1-D HEC-RAS simulations. The scaling attributes of the
models are in accord with Froude scaling methodology where the ratio of model Froude Number
to the prototype Froude Number equals 1 (Equation 1):

E Fr

FrM

UM
gD

FrP

1

UP

(1)

gD

where:

𝑈 = flow velocity
𝑔 = gravitational acceleration
𝐷 = hydraulic depth (cross sectional area of flow / top width)

Accordingly, the length and vertical scales for the numerical and physical models are:
Length Scale: 𝐸 𝐿

1
1

Vertical Scale: 𝐸 𝐿
where:
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(2)

400

(3)

𝐿 = longitudinal and transverse components of the models
𝐻 = vertical components of the models

The discharge data scales in accordance with the Length and Vertical scales:
Discharge Scale:

𝐸 𝐻

⁄

1

𝐸 𝐿

400

1

6000

1

48,000,000

(4)

Movable bed physical models require a sediment time scale which equates the time for sediment
in the prototype river to fill the associated volume in the physical model. Hooper (2019) tested
varying sediment time scales to the formation of dunes in both flume experiments and in the
LMRPM which resulting in a value of 1/6600.

7

LMRPM Discharges
Historical Mississippi River discharge records for the LMRPM experiments are retrieved
from the U.S. Corps of Engineers website, https://rivergages.mvr.usace.army.mil/WaterControl/,
for the Tarbert Landing Discharge Gaging Station. The discharges for each respective year begin
on October 1 of the prior year and are filtered to remove any discharge less than a model
equivalent of 3.0 gallons per minute (gpm) – e.g., for 1995 this reduced the year to 265 daily
model discharges. When discharge is less than 3.0 gpm the average velocity in the channel at
RM 175 (head of the LMRPM) is below that required for incipient motion. The discharges are
then averaged over five days to create a functional pumping rate. The results create a stepped,
model hydrograph (Figure 3). As the water flows through the headbox and the LMRPM channel,
the stepped configuration is attenuated. The numerical simulations do not modulate the stepped
discharges which are reflected in the results.

Figure 2. LMRPM Formatted Input Discharge Hydrograph, 1995
(Note: 13.09-second model time step = 1 prototype day)

The water for the model is pumped into the headbox (Figure 4) using a 2000 gallons per hour
submersible bilge pump. A duplex pump arrangement is available when flows exceed the single
8

12 gpm single pump capacity. The influent flow is measured by an inline digital meter
immediately before entering the headbox (Figure 4).Based the formatted input water discharges,
sediment injection rates are computed using Equation 5, Equation 6 and Equation 7 which were
developed by Thomas (2014). Two peristaltic pumps (upper right of Figure 4) are used to pump
the sediment slurry into the model near the discharge of the headbox. The slurry is continually
mixed throughout the process.
Model Sediment
The selected bed material is non-cohesive, ground unexpanded polystyrene with a density of
1.05 grams/cubic meter, which is widely used as a lightweight sediment in physical modeling
(Frostick, et al., 2011). The ratio of model sediment to prototype sediment diameters is 3.2
(Hooper, 2019), based on Shields parameter and particle Reynolds number scaling. The raw
sediment injected into the model has a median grain size of 0.42 millimeters. The gradation of
the synthetic material (Table 1) equates to very fine to fine sand in the prototype river. Hooper
(2019) tested the suitability of lightweight sediment for the LMRPM. Laboratory flume tests
were performed to demonstrate the performance of the lightweight sediment model sediment
relative to the Shields diagram, as well as incipient motion and dune formation of the sand grain
sediments in the lower Mississippi River.
The LMRPM model sediment, ground unexpanded polystyrene, has a density of 1.05 grams
per cubic meter, and ratio of the diameters of model sediment to prototype sediment is 3.2.
(Hooper, 2019). The raw sediment injected into the model has a median grain size of 0.42
millimeters. The gradation of the synthetic material (Table 1) equates to very fine to fine sand.
Hooper (2019) tested the suitability of lightweight sediment (Figure 2) for the LMRPM.
Laboratory flume tests were performed to demonstrate the performance of the lightweight
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sediment model sediment relative to incipient motion and dune formation of the sand grain
sediments in the lower Mississippi River.
Table 1. Input Sediment Gradation
LMRPM Sediment Diameter, mm
0.850
0.600
0.355
0.300
0.180
0.150

% Passing
96.5
83.4
31.2
3.5
1.0
1.0

Figure 3. LMRPM Sediment
(Source: Hooper 2019)

The U.S. Geological Survey (Curwick et al. 1987) published sediment measurements taken
along the Mississippi River from Tarbert Landing to Venice which formed the basis for the rate
of sediment injection into LMRPM. The sediment injection rate was formulated by application of
a HEC 6T numerical sediment transport simulation using the Curwick data (Thomas 2014).
Thomas compiled and ran the applicable HEC 6T numerical sediment transport model extending
from Tarbert Landing (RM 303) to the mouth of Southwest Pass (RM -18). The LMRPM
10

sediment discharge equations, based on the LMRPM discharge 𝑄 , derived by Thomas at the
head of the LMRPM (RM~175) are:
For 𝑄

3.5 gpm: 𝑄 = 10 ml/min (6600/9900)(13.09/60)

For 𝑄 > 3.5 and ≤ 5.8 gpm: 𝑄 = [25.07∗ln(Q )−16.4]∗(6600/9900)(13.09/60)
For 𝑄 > 5.8 gpm: 𝑄 =0.0494∗Q

.

∗(6600/9900)(13.09/60)

(5)
(6)
(7)

The LMRPM model sediment time scale is 1:6600, i.e., 1 day = 86400 sec/6600 =13.09 seconds.
The model sediment is mixed into a slurry of known concentration and pumped into the model
coinciding with the influent water discharge.

Figure 4. LMRPM Headbox
Hydraulic Modeling
Unsteady 1-D hydraulic conditions of the model, specifically the shear stress in the channel,
was generated from HEC-RAS, Version 5.07, simulations, previously demonstrated to reproduce
both LMRPM- and prototype-scale conditions (Rodi, 2017). The HEC-RAS model-scaled
channel was derived from the same bathymetric surveys of the Mississippi River that were used
to design the LMRPM. Overbank areas and levees topography were developed from LIDAR data
11

compiled for the design of the model The LMRPM cross sections were, however, deepened to
accommodate the mobile sediment bed (Figure 6). The model has 1625 cross section from
Donaldsonville, LA (RM 157) to the Gulf of Mexico including Southwest Pass, South Pass and
Pass a Loutre. The other passes, e.g., Main Pass, Bohemia Spillway, Baptiste Collette, etc. were
modeled using lateral structures. The HEC-RAS model boundary conditions (i.e., upstream
discharges and downstream water surface elevations) are the same as LMRPM operations.

Figure 5. HEC-RAS and LMRPM Modified Cross Section, RM 71.2
Unsteady Flow Numerical Simulations
Unsteady, 1-D numerical simulations were run with HEC-RAS, Version 5.07 software. The
model contains 1625 cross section spanning from Donaldsonville, LA (RM~175) to the Gulf of
Mexico including Southwest Pass, South Pass and Pass a Loutre (Figure 6). The other passes,
e.g., Main Pass, Bohemia Spillway, Baptiste Collette, etc. were modeled using lateral structures.
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Figure 6. Lowermost Mississippi River Showing Limits of LMRPM (Blue) and Research Area
(Source of Satellite Photography: GoogleEarth.com)

During each LMRPM flow test, the discharge at the head of the physical model and water
surface elevations along the model’s reach were measured on prototypical half-day increments
(6.545 seconds at sediment time scale). The second step of the process was used to run HECRAS numerical simulations for each of the 5 years of test runs. The flow hydrograph recorded
through the LMRPM operations established the upstream boundary conditions and the model
gage readings at the Southwest Pass East Jetty set the downstream boundary conditions.
During each LMRPM experimental hydrograph, the flow at the headbox and water surface
elevations along the model’s reach were measured on prototypical half-day increments (6.545
seconds at sediment time scale). HEC-RAS simulations were then run for each of the five years
using the recorded flow hydrograph as the upstream boundary conditions and the model gage
readings at the Southwest Pass East Jetty as the downstream boundary conditions. Since there is
13

option to apply model-scale time in HEC-RAS, computational interval for the simulations were
set at the timesteps of the LMRPM flow readings. Computed water surface elevations, bed shear
stresses and discharges from these simulations were made on one day increments, i.e., the 13.09second increments for the respective locations.
Computed stages from the HEC-RAS simulations were validated against the observed stages
at three stage gages which enveloped the measurement sites: RM 88.3, RM 62.5, and RM 48.8.
Figure 5 is the plot of the HEC-RAS computed stages versus the observed stages at RM 62.5 for
1995. Meselhe and Rodrigue (2013) published a set of statistical performance metrics to assess
the validity of numerical models used in the lower Mississippi River for the Louisiana Coastal
Protection and Restoration Authority. The report also provides acceptable values applicable to 1D modeling for river depth, total suspended solids, total sediment load, and discharge. The
statistics shown in Table 2, which include the Mesehle and Rodrigue (2013) modeling
performance statistics, Pearson Correlation, Bias and RMSE% for these simulations, demonstrate
validated hydraulic results.

Figure 7. Stage Validation of Numerical Model, 1995, RM 62.5
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The Pearson product-moment correlation coefficient measures how well the peaks and
troughs of the stage hydrograph curves align. Bias is a measure of whether the model is
overestimating (positive value) or underestimating (negative values). The RMSE% determines
the variation of simulated data to observed data. The RMSE% analyses used stage rather than
depth due to the differences in HEC-RAS and LMRPM channel inverts.
Table 2. 1995 HEC-RAS Stage Validation Results
Test
Target Metric
RM 48.8
RM 62.5
Pearson
>0.9
0.95
0.93
Bias
<10
0.05
0.08
RMSE%
<15%
9.54
10.80

RM 88.3
0.92
0.01
11.50

LMRPM Sediment Bed Preparation
Bed preparation is required prior to initiation of the flow tests. Sediment is manually
positioned onto the bed of the LMRPM to a required starting bed thickness at specific reaches
along the model (Table 3). After the initial sediment placement, eighteen runs of a predetermined 50-year average hydrograph are routed through the physical model followed by the
1999 through 2003 historical hydrographs to achieve a stage of river stage and sediment bed
equilibrium. After the sediment setup the model channel invert, the starting bed surface at RM
71.2 is nearly equal to the initial ultrasonic reading.
Table 3. Initial Sediment Bed Thickness
Prototype Bed
LMRPM Bed
Downstream RM Upstream RM
Thickness, ft
Thickness, mm
69.0
71.0
20
15.3
72.0
73.0
10
7.6
73.5
76.5
20
15.3
78.0
79.0
20
15.3
82.0
84.1
20
15.3
88.5
89.0
20
15.3
89.0
90.0
10
7.6
100.0
100.4
10
7.6
(cont’d)
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Downstream RM

Upstream RM

114.5
126.0
136.5
145.0
153.0
157.5
162.5

116.0
128.0
140.0
148.0
154.9
160.0
175.5

Prototype Bed
Thickness, ft
25
20
20
20
30
20
20

LMRPM Bed
Thickness, mm
19.1
15.3
15.3
15.3
22.9
15.3
15.3

Bed Profiling Equipment and Setup
Gorrick et al. (2014) used Seatek Ultrasonic Ranging System sensors in a mobile bed, sand
bed flume experiment. The bed measurements were used to calculate the amplitude and
frequency of bed forms. The same type of sensors, Seatek 5 MHz Ultrasonic Ranging System
Sensors (Figure 8), were used to measure the bed level changes in the LMRPM. The sensors
have a 0.1 mm resolution and +/- 0.2 mm accuracy (Jette et al. 1997) The sensors were mounted
across above the channel at a fixed position with the support set atop the LMRPM levees. This
placement provided the required submergence of the sensor faces throughout the duration of the
hydrographs. The distance from the left descending levee to the first sensor at each site was
measured to align the depth data with the respective model cross sections. The depth readings
from the sensors were converted to elevation by referencing the top of LMRPM levee elevations.
The sensors are suspended across above the channel at a fixed position at each of the seven
channel cross sections. The locations for the sets of sensors were selected to straddle the model
reach upstream and downstream of the diversion structure, and above sediment beds created by
the preparation process. The four sensors were inserted into 0.5-inch diameter holes drilled
through a 0.25-inch x 3.5-inch strip of poplar wood (Figure 9) and set atop the levees.
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Figure 8. Seatek Depth Sensors
(Source: SeaTek Ranging System Manual,2015)

This placement provided the required submergence of the faces of the sensors throughout the
duration of the discharge while allowing the wood plank to rest directly on the levee. The wood
planks expanded slightly when wetted and firmly held the transducers in position. They were
laterally positioned so the two inner sensors would measure the bed along the center of the
channel. The distance from the left descending levee to the first sensor at each site was measured
to align the data with the respective model cross sections. The depth readings from the sensors
were converted to elevation by subtracting the subtracting the length of the sensors protruding
from the wooden holder from the respective top of levee elevations.

Figure 9. Seatek Sensors on LMRPM, Top View (left) and In-Channel View(right)
17

The data collector operating parameters were set as follows: Blanking Distance, minimum
distance from face of sensor, was set to 5 cm; the Number of Samples was set sufficiently high to
encompass the duration of the discharge hydrograph; and the Sampling Rate was set to match the
time step of the input flow measurements. All remaining options: threshold voltage, maximum
range, and of pings to process were left in the default modes. A sample of the LMRPM synthetic
sediment sent was sent to the equipment manufacturer from which the initial settings
recommendations were prescribed.
Equipment Test Results
A trial test of the Seatek equipment was conducted by measuring the sediment surface
elevations for a 4-year (1983 through 1986) period. Bed measurements were taken near the
downstream end of the Bonnet Carre Spillway at RM 126.4 to capture the sediment movement
near the diversion structure during a historic peak flow year. The raw data, the distance from the
face of the sensor to the bed surface (measured in centimeters), was converted to model
elevations (feet, NAVD) relative to the elevations of the respective top of levees. The plot in
Figure 10 shows the bed elevations taken during the equipment trials. Despite the scatter of the
bed readings during higher discharges, bed elevation changes and volume change per unit width
can be discerned after completion and plotting of the measurements. The scatter in the ultrasonic
bed measurements is due to particles being lifted into suspension in the water column.
Bed level time series data can be also used to estimate when bed material starts to move.
Figure 11 shows bed level data and HEC-RAS computed average velocities at RM 71.2 for 1995.
The bed elevation data starts to show scatter when the average velocities reach approximately
0.15 ft/sec. This correlation was found across all locations and hydrographs and compares very
favorably to the LMRPM-scale flume experiments by Hooper (2019), where incipient motion
was found to occur at velocities of 4.5 to 5.4 cm/sec (i.e., 0.147 and 0.177 feet per second).
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Hooper (2019) determined the appropriate sediment time scale for the LMRPM, and the
development of the test run set-up of the LMRPM to establish sediment bed equilibrium.

Figure 10 Sediment Bed Elevation at RM 126.4 for 1983 Discharges

Figure 11. Sediment Bed Elevation at RM 71.2 for 1995 Discharges
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Figure 12. Equipment Test Sediment Bed Measurements
Figure 12 illustrates the deposition of bed material over the 300-day (Time-step, prototypical
day), during initial equipment testing of 2013 discharges. Scatter obscures the bed from roughly
step 30 to Day 175, but the net bed elevation over the period is approximately 0.23 feet (i.e., ~ 9
feet in prototype scale).
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BED SEDIMENT DATA COLLECTION AND ANALYSES
Project Background
A structure had been devised for the LMRPM to emulate the diversion of water and
sediment. Discharges representing the years 1995 through 1999 (Figure 13) were to be routed
through the LMRPM to examine the effects of the proposed Mid-Barataria sediment diversion
structure at RM 61.1. Prior to testing the diversion, the 5-year set of discharges were without the
diversion as the baseline for this analysis. The discharges in 1997 had the only series in which
the required the opening of the Bonnet Carre Spillway (RM~128). All were sufficiently large
enough to open the Mid-Barataria Diversion structure.

Figure 13. 1995-1999 Hydrographs at Headbox
Sediment Bed Measurements
The data collections for the five model years were conducted on August 31 through
September 3, 2020. Sediment bed readings were taken using ultrasonic depth sensors at locations
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upstream and downstream of the diversion: River Miles: 71.2, 66.2, 65.4, 64.1, 57.5, 55.8, 54.5
and 52.5 (Figure 14). The ultrasonic readings provided a clear reading of the bed elevations
except for scatter of data during periods of medium and high turbidity. In some cases, while the
model discharge hydrograph was complete, the turbidity at the downstream stations was still
sufficient to obscure the bed elevation as shown in Figure 16. As the objective of this work is
develop and evaluate a method to predict the erosion or deposition at each location over one
year, it is only necessary to measure the beginning and ending elevations during the hydrograph.

Figure 14. Location of Seatek Sensors Along the LMRPM, River Miles Above Head of Passes
The bed level data in Figure 15 demonstrates a dataset with discernable beginning and end
elevations. The bed level remains with minor perturbations until time step 116 when the turbidity
begins to increase causing the data to scatter. The sediment re-settles from time step 135 to 156
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and then is disrupted until time step 247, showing net deposition of approximately 0.05 feet over
the period of the hydrograph.

Figure 15. Sediment Bed Level for 1996 Flow at RM 71.2

Figure 16. Sediment Bed Level for 1999 Flow at RM 64.1
Using the four sensors for each year at each cross section, the annual bed elevation changes
were calculated by subtracting the ending elevations from the starting elevations for each sensor
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and averaging the four values (Figure 17). More detailed approaches to calculating the observed
bed level changes are not appropriate here as the HEC-RAS model is 1-D and the LMRPM is a
distorted movable bed model designed to only capture the bulk 1-D sand transport.

Figure 17. Sediment Bed Level Change in LMRPM, Year 1999 at RM 55.8
The 1-D form of the Exner continuity equation (Parker, et al. 2000) converts the bed
elevation change to the bed volume change and relates that to the upstream and downstream
sediment discharge gradient:
(∆n∕∆t)(1-λp)(B)= -∆qs (∆x )
Where:
∆n = measured bed elevation change
∆t = elapsed time
B = channel width
λp = porosity = 0.44
∆qs = change in unit sediment discharge
∆x = distance between cross sections
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(8)

Sediment Volume Determination
Given that the LMRPM sediment discharge is a function of water discharge there is no
sediment charge difference between the closely located cross sections. The sediment volume
change was computed by using Equation 5, the Engelund-Fredsoe equation (Cheng et al. 1998),
which estimates the fraction of volume of sediment in suspension. between the two stations.
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Where:
𝑃
fraction of sediment in suspension
𝛽 = tangent of sediment angle of repose, 60 degrees (Hooper, 2019)
τ = bed shear stress
𝜏 =critical bed shear stress
Rp = particle Reynolds number
ρ = density of water
g = gravitational acceleration
𝑑 .= median grain size = 0.42 mm
𝜈 = kinematic viscosity of water
This provides a way to then estimate the fraction of sediment that moves as bed material (1P) and, therefore, can be used to estimate changes in the bed elevations and sediment volumes at
the sensor locations as a function of time.
Equation 11 and Equation 12, an analytical approach to calculate critical shear stress (Parker
et al, 2003), were used in the validation of the synthetic sediment for the LMRPM (Hooper,
2019). The values for bed shear stress at the cross sections upstream and downstream of the
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measurement location for each of the four test years were obtained from the LMRPM-scale
HEC-RAS model described earlier. Figure 18 illustrates the upstream and downstream crosssection locations relative to the point of measurement (e.g., RM 71.2).

Figure 18. Point of Measurement RM 71.2 with Upstream RM 71.3/Downstream RM 71.0
Using the Engelund-Fredsoe equation, incremental sediment volume changes

∆
∆

,

based on the fraction of total sediment in suspension versus on the bed, were computed by:
∑

∆

1

∆

𝑃

𝑄

1

𝑃

𝑄

(14)

where: ∆𝑡 is the incremental time step and (n) is the total number of time steps. Each of the
computed volumes from Equation 14 were multiplied by the ratio of the span of the four sensors
(0.25 feet) to the corresponding top width of the wetted channel (B ) at that cross-section to get a
volume. The cumulative computed volume of sediment changes per year, Equation 14, was
compared to the measured bed elevation change for each year. The bed elevation change is,
converted to volume per Equation 15:
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∆
∆

∆
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∆

(span of sensors) (∆x)

(15)

where ∆t is the one hydraulic year and ∆n is the cumulative bed elevation change for the one
year. The measured bed elevation change was converted to a volume by multiplying it by the
span of the sensors and the distance between the upstream and downstream cross sections (∆x).
All final units of sediment were converted to milliliters of saturated sediment to correspond with
the sediment injection rate.
Sediment Model Validation Metrics
Pereira et al. (2009) used metrics developed by White et al. (1973) to validate simulated
bedload sediment transport to measured sand loads at Belle Chasse (RM 76.3). The White et al.
(1973) research involved the comparison of six sediment transport computational methods (using
quartz and other lightweight sediment) to flume and field data, concluding that the “better
theories predicted transport rates between ½ and 2 times the observed rates for 60 percent of the
data and between ¼ and 4 times the observed rates for 80 percent of the data.” The White et al.
(1973) metrics was used to quantify the agreement between the measured and simulated bed
level changes.
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RESULTS
Measured and computed bed volume changes for each year were calculated using the
approaches described above. Note that the results presented here do not contain the results from
1997. The peak discharges during that year required the opening of the Bonnet Carre Spillway
through which an unquantified amount of sediment was diverted, thus negating the assumption
that the overall amount of bedload transport at downstream locations is approximately equal to
the injection rate, in the absence of long-term storage or erosion.
Predicted-to-observed values were plotted (Figure 19) with a 1:1 (i.e., measured-tomeasured) regression line. The data forms a distinct trend that parallels the 1:1 regression line
except for one data pair. The goodness-of-fit of the data demonstrates that the computed volumes
well-represent the measured volumes in the model. The outlying data point, from the 1995
measurements at RM 66.2, was further examined, and the fixed bed cross sections (i.e., HECRAS model) upstream and downstream show a downstream bed aggradation while the LMRPM
(mobile bed) observations show scour. This disparity in the cross-section geometry resulted in
computed values of the respective boundary shear stresses in the HEC-RAS numerical
simulations different from what is occurring in the physical model. The experiment shows the
necessity of measuring the upstream and downstream bed forms in addition to a single point of
measurement. Re-charting of the data without the outlier point increased the Pearson Correlation
coefficient from 0.47 to 0.75.

28

Figure 19. Computed to Measured Volumes vs 1:1 Regression Line of Observed-to-Observed
Values, with 66.55 Outlier Data
As mentioned previously, White et al. (1973) developed a set of acceptable ratios to validate
the predicted sediment transport rates to observed data: 60 percent of the ratios should be
between 0.5 and 2; and 80% of the ratios should be between 0.25 and 4. The complete set of the
resultant ratios are shown in Table 4 showing that all but one of the ratios have a positive value
indicating that the respective measured and computed volume match in their number signs.
Table 4. 4-year Measured and Computed Volumes, along with Computed to Measured Ratios
Measured Volume, Computed Volume,
Computed to
Location, RM
Year
ml
ml
Measured Ratio
71.2
1995
13.69
15.35
1.12
66.2
1995
-12.76
66.55
-5.21
64.1
1995
21.25
19.08
0.90
57.5
1995
27.25
44.12
1.62
55.8
1995
38.21
25.09
0.66
54.5
1995
-21.58
-2.59
0.12
71.2
1996
10.73
6.39
0.60
(table cont’d)
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Location, RM

Year

66.2
64.1
57.5
55.8
54.5
71.2
66.2
64.1
57.5
55.8
54.5
71.2
66.2
57.5
55.8

1996
1996
1996
1996
1996
1998
1998
1998
1998
1998
1998
1999
1999
1999
1999

Measured Volume,
ml
7.27
10.63
5.01
-2.42
-4.07
14.00
30.72
8.71
41.48
-19.83
-1.02
-16.02
36.36
49.09
1.93

Computed Volume,
ml
30.50
8.53
18.15
-20.77
-1.55
23.90
41.22
11.41
23.84
-27.24
-3.82
-17.17
13.09
23.47
8.99

Computed to
Measured Ratio
4.19
0.80
3.62
8.59
0.38
1.71
1.34
1.31
0.57
1.37
3.76
1.07
0.36
0.48
4.65

Nittrouer et al. (2011) quantified the skin friction shear stresses at locations in the lower
Mississippi River between approximately RM 59 to RM 28. Application of those reduced shear
stress values (approximately 40% of total bed shear stress) to the sediment computations for
cross sections overlapping those in the Nittrouer et al. (2011) study: RM 57.5, RM 55.8, and RM
54.5, resulted in no improvement was achieved in the metric ratios.
Table 5 shows the percentage of the ratios at each of the six cross sections that meet the
White et al., (1973) metrics over the four years. The results are mixed with composite ratios of
59% and 73% percent for all points and 62% and 76% without the outlier data point (Table 6).
While the ratios of the total set fell slightly below the White metrics, the ratios meet or exceed
the metric when the data set is limited to conditions where deposition is computed to occur, but
still do not when scour was expected. The metrics improve to 63% and 81%, respectively for
deposition only data. The computed volumes at the two most downstream sites are those of
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sediment scour which substantiates that the depositional computations are more reliable. This
may be attributable to not having any depth limitations on the scour computations.
Table 5. Computed to Measured Volume Ratios Over 4 years at Each Location That Fall Within
the White, et al. (1973) Metrics Provided in the Table Heading.
Location
60% from 0.50 to 2
80% from 0.25 to 4
RM 71.2
100%
100%
RM 66.2
25%
75%
RM 64.1
100%
100%
RM 57.5
75%
100%
RM 55.8
50%
50%
RM 54.5
0%
67%

Table 6. Average of All Computed to Measured Volume Ratios Over 4 Years That Fall Within
the White, et al. (1973) Metrics Found in the Table Heading.
Data Set
60% from 0.50 to 2
80% from 0.25 to 4
All available data
59%
73%
Data without outlier point
62%
76%
Results with Computed Deposition
63%
81%
Results with Computed Scour
33%
67%
Application of LMRPM Methodology to Prototype Mississippi River
Here, the proposed method for estimating computed changes in bed volumes is compared to
prototype-scale estimates of material that needed to be dredged for navigation channel
maintenance to demonstrate its application. The Mississippi River has three reaches within the
bounds of the LMRPM where the ship channel requires annual maintenance dredging. Analyses
of 1996 through 1999 dredging volumes from the Mississippi River Belmont Crossing (RM 156
to RM 150) were conducted by converting the annual volumes of reported dredged material by
the U. S. Army Corps of Engineers (2021) to model scale and comparing those quantities to the
computed volume of sediment. Note that this location is upstream of the Bonnet Carre spillway,
so the sediment discharge rating curve is applicable for 1997. Conversion of the model volumes
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to prototype weight was done using scaling procedures from the LMRPM User Manual (2020),
(i.e., Prototype Volume/(1.44^10) equals the Model-Scale Volume).
Table 7. Measured and Computed Volumes and Computed To Measured Ratio From the
Belmont Crossing Dredging Analyses
Year
Measured Volume, ml Measured Volume, ml Computed to Measured Ratio
1996
48
119
2.47
1997
134
138
1.03
1998
178
275
1.54
1999
92
154
1.67
Table 7 lists the results of the analyses of the dredged materials from the Belmont Crossing.
In terms of the White et al. (1973) performance metrics, 75% satisfied the inner bounds metric of
0.5 to 2 and 100% metric the outer bounds of 0.25 to 4.
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CONCLUSIONS
The research has been effective in achieving the objectives of applying non-destructive
methods to measure reach-by-reach sediment levels and develop a process to predict the scour
and deposition of the bed load sediments at other locations where there are no bed level sensors.
The changes in the bed surface elevation determined from ultrasonic sensors depth reading were
correlated with a computed change in volume of the sediment bed by application of the LMRPM
sediment injection rate (i.e., sediment discharge) in conjunction with the Engelund-Fredsoe
equation for estimating the fraction of bedload transport. For the four years of applicable data,
computed changes in bed load sediment volume within the study reach of the LMRPM has been
shown to correlate both withing the bounds of the bounds of the White, et al. metrics. The
graphical analysis of the measured-to-observed data also reflected a trend of aligning with a
coincident 1:1 regression line of measured-to-measured data. and to corresponding measured
volumes for a range of unsteady flow discharges.
In application to the prototype Mississippi River, the computational processes at model scale
were applied to the volumes of dredged sediment in the river reach of RM 156 to RM 150 near
the upper boundary of the LMRPM. The reach of the river is dredged for navigational
maintenance. Using the volumes for 1996 through 1999 as the measured annual bed change, the
analyses effectively provided computed-to-measured ratios between 1 and 2.5.
The ultrasonic equipment, operating through a range of discharges and at various locations,
captured the changes in the bed surface elevations. A review of the plotted data revealed that the
bed surface became obscured during periods of high turbidity. As the experiment progressed,
revised equipment settings requested from the equipment manufacturer helped to better filter the
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results and lessen the effects of the turbidity. None of the newer settings were applied to the data
used for this study.
Another challenge was how some the flow hydrographs did not have a sufficient duration to
capture the final settlement of sediment at the end of the experiment. The LMRPM operational
procedures were discussed to continue a non-sediment transport discharge past the end of the
compiled hydrograph until stable water levels occur which would eliminate this from occurring
in future experiments.
Recognizing the inherent complexities of modeling sediment transport, the specific areas of
uncertainty for the analyses include use of a fixed bed numerical simulation to compute the bed
shear stresses that were applied to the Engelund-Fredsoe; constant values for median grain size;
the fixed discharged-based equation for sediment discharge; and tolerances of the equipment.
The results of the analyses demonstrated consistency on both model and prototype scales.
Despite the lack of ability to reliably compute scour, the research has developed a methodology
to predict the location and volume of deposited sand grain sediments, within accepted metrics, at
both the model and prototype scales.
Recommendations for future research include conducting the experiment solely for
measurement of bed changes; re-composing discharge hydrographs and the LMRPM operation
processes to capture full cycle of sediment suspension and deposition; measuring bed levels
immediately upstream and downstream of the testing locations and measuring bed level and
analyze deposition/scour at location(s) known to require periodic dredging.
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